In this paper, dielectric relaxor, impedance, AC conductivity and electrical modulus of double perovskite Nd 2 NiMnO 6 , prepared by a solid state reaction method and sintered at 1250°C, have been reported in the wide temperature (25-150°C) and frequency (1 kHz-1 MHz) ranges. From the preliminary X-ray structural analysis, it is found that the structure of the material is monoclinic. In the study of the temperature dependence of the dielectric constant, the relaxor behaviour of the material is observed. Such type of behaviour is explained by a modified Curie-Weiss and a Vogel-Fulcher law. By analysing Nyquist plots, the existence of grain and grain boundary effects is established. The non-Debye type of relaxation is investigated by the analysis of complex impedance and the modulus data. From the study of impedance data, it is found that the grain resistance is reduced with the increase in temperature indicating the existence of negative temperature coefficient of resistance (NTCR) behaviour in the material which also matches with temperature versus AC conductivity plots. From these results, it may be concluded that this compound may have extreme potential for different high temperature applications.
I. Introduction
In the last decade, there is an enormous importance in producing novel magneto-electric multiferroics, which are the most significant for their practical application in spintronics and magneto-electric devices [1] . Such type of materials has been found in different structural families, including perovskite. Multiferroic oxides can also be found in the class of double perovskite materials. The perovskite structure compounds are significant in materials science, and have been broadly studied in recent years. Their structural characteristics are very important for application in telecommunication and microelectronics. Thus, it is well identified that distortion in the structure, vacancies and modifications in composition can lead to different chemical and physical properties [2] . When two dissimilar kinds of cations are added at the octahedral position of an ideal perovskite structure (XYO 3 ) then the ordering of cations results in the cubic complex perovskite known as double perovskite with a common formula X 2 YY ′ O 6 , where X is an al-
where r x , r y , r y ′ , r O are the ionic radii of X, Y, Y ′ , cations and oxygen anion, respectively. For t ′ < 1, there is distortion in symmetry, i.e. structure will be tetragonal or monoclinic [5] . R 2 NiMnO 6 (R is a rare earth cation) belongs to a specific class of double perovskite oxides. Ni-OMn adjustment may arise in inherent strong ferromagnetic interaction, thus it could be considered as an excellent candidate for multiferroic materials. For instance, in recent times it has been revealed that the occurrence of magneto-resistance and giant dielectric properties, excluding the ferromagnetism, are owing to the Ni 3+ −O−Mn
3+
super exchange interactions, while Blasse et al. [6] . Therefore, the discussion related to the Ni-OMn electronic interactions suggests that the presence of R 2 NiMnO 6 group is an increasing issue in the last years. Also, for industrial applications, the excellent characteristic of this compound is its performance in a low magnetic field at room temperature [6, 7] . Since Mn ions exist in multi-valence states (Mn 2+ , Mn 3+ and Mn 4+ ) MnO 2 is generally used as the most convenient additive. Manganese containing rare earth based double perovskite (with multiple functions) can be used for different devices [8] . A significant magneto-dielectric effect can be observed in the double perovskite ferromagnet La 2 NiMnO 6 . In such type of material, the superexchange interaction between Ni 2+ and Mn
4+
ions by means of an oxygen gives the ferromagnetic transition at T = 270 K [9] . Specially, a material showing a huge energy loss (tangent loss) may lead to an extraordinary magneto-dielectric effect, widely established as the Maxwell-Wagner effect, occurring due to the existence of material-electrode interface and/or grain boundaries [10] [11] [12] . Therefore, it is required to find the way to reduce the energy loss in such type of magnetic materials for practical applications, which can be achieved by modification of the materials.
The dielectric relaxation phenomena and its origin have been studied in different double perovskite systems [13] . The complexity in the structure of perovskite compound is created by more than one ion which are totally or fractionally disarranged in the X and Y sublattices of the XYO 3 structure [14] . Based on the relaxation process, disorderness and/or fluctuation of charge of elements at different atomic sites, particularly at Y sites, create a few types of ferroelectrics, referred to as relaxor ferroelectrics. The high dielectric constant is one of the main features of ferroelectrics. Generally, in 'normal' ferroelectrics, maximum temperature dielectric constant (T m ) signifies the ferroelectric-paraelectric (FE-PE) phase transition temperature (T C ) [15] . In the vision of the significance of the materials, we have carried out preparation and characterization of a double perovskite (Nd 2 NiMnO 6 ) using various experimental techniques as a function of frequencies and temperature. Studies of the diffused phase transition (DPT) as well as relaxor properties in the materials are carried out for both fundamental understanding and technological applications. Therefore, relaxor ferroelectrics (RFEs) have been extensively studied for their exceptionally higher dielectric constant and attractive piezoelectric properties, which are essential for high-energy density capacitors and actuators. Such types of materials may be used for non-volatile memories, sensors, actuators, resonant wave devices such as radio-frequency filters, infra-red detectors, optical switches and electric-motor overload protection circuits [16] .
II. Experimental procedure
The polycrystalline Nd 2 NiMnO 6 (NNMO) compound has been fabricated at high temperature by mixed oxide method using pure oxide ingredients: Nd 2 O 3 , MnO 2 (99.9% pure, supplied by Loba Chemie Co. Ltd) and NiO (99.5% pure supplied by Himedia) in the stoichiometry ratio. To obtain homogeneous mixture, the fine precursor powders were mixed properly by dry grinding as well as wet grinding in methanol by a mortar and pestle. To confirm the completion of the chemical reaction and formation of required compound, calcinations (750-1200°C with the interval 50°C) and grinding processes were repeated ten times. Accordingly, calcination temperature of 1200°C and dwell time of 4 h were selected. Then, the cylindrical pellets of diameter 10.70 mm and thickness 1.65 mm were fabricated using polyvinyl alcohol (PVA) as a binder under the pressure of about 4 × 10 6 N/m 2 using a hydraulic press. The sintering of the pellet was carried out at 1250°C for 4 h.
The room temperature X-ray diffraction (XRD) data of the calcined powder were recorded with CuKα radiation (λ = 1.5406 Å) in a scattering angle range 20°≤ 2θ ≤ 80°for preliminary structural analyses (crystal system, lattice constant of unit cell, diffraction planes, etc.). The structural analysis was carried out using software "POWDMULT" (version 2.2). The microstructure of the sintered pellet was analysed by a field emission scanning electron microscope (FE-SEM, M/s ZEISS, model SUPRA 40). Elemental composition was determined from EDAX (energy dispersive X-ray analysis) spectra. Both sides of the sintered pellet were polished and coated with the high-purity silver paste. The pellet was heated at 120°C for 4 h to make moisture free material for electrical measurements. The dielectric properties, impedance, electrical conductivity, etc. of the silver electrode-pellet sample were measured by using an LCR meter (N4L PSM, 1735) in a wide range of temperature (25-150°C) and frequency (1 kHz-1 MHz).
III. Results and discussion

Structure
After calcination and grinding processes, XRD pattern ( Fig. 1 ) was obtained. According to the tolerance factor, members of the double perovskite family have different structure, such as: i) cubic for 1.05 > t ′ > 1.00, ii) tetragonal for 1.00 > t ′ > 0.97, and iii) monoclinic/orthorhombic for t ′ < 0.9. As the determined tolerance factor (using the above equation) of Nd 2 NiMnO 6 is less than 0.97, it might have orthorhombic or monoclinic symmetry. The reported crystal symmetry of other rare-earth compounds of this family with equal tolerance factor is monoclinic. The peaks of the XRD pattern of Nd 2 NiMnO 6 were indexed as monoclinic as well as orthorhombic crystal system using software "POWD-MULT". The determined lattice constants of the monoclinic (distorted double-perovskite) structure are: a (number in the parenthesis of the cell parameter is estimated standard deviation). The observed XRD pattern and obtained lattice parameters are very much similar and consistent with the reported ones [17] . The crystallite size (D) of the sample can broadly be determined by using peak broadening, scattering angle, wavelength, and optimized constant of diffraction peaks in Scherrer's equation [18, 19] . The determined D value is 41 nm and density of the sample is 4.78 g/cm 3 . As the XRD pattern is recorded on the powder sample, a mechanical strain component of the equation was not estimated. Figure 2 represents FE-SEM microstructure of the sintered NNMO pellet. The image shows the different size of grains which are scattered homogeneously suggesting the polycrystalline nature of the compound. The nature of grain shape and distribution clearly suggests that material is highly dense, free from pores and with the average grain size of ∼0.3 µm. Elemental composition determined by EDX spectrum analysis was given in Table 1 . The EDAX spectra verified the existence of necessary elements (i.e. Nd, Ni, Mn and O elements) without any foreign elements in the sample. 
Dielectric studies
Effect of frequency
Variations of relative dielectric constant, ε r , and tangent loss, tan δ (two fundamental parameters of a dielectric material) [15] , with the frequency at selected temperature for Nd 2 NiMnO 6 are displayed in Fig. 3 . Both ε r and tan δ are continuously reduced and attain a consistent value in the high-frequency region with the increment of frequency describing the main features of the polar dielectrics [20, 21] . It is seen that the material has very large dielectric constant (8 × 10 3 ) at 1 kHz because of the existence of different types of polarizations (i.e. ionic, dipolar or orientation, electronic and space charge) in the low-frequency region. The dielectric constant after 1 kHz exhibits a plateau [22] having a large temperature dependence above 75°C. Depending on the two-layer model of Koop's phenomenological hypothesis, Maxwell-Wagner proposed a mechanism which explains decreasing trend of both ε r and tan δ with the increment of frequency. At low frequencies, the dielectric loss rises naturally with an increment of temperature, referred to the increase of DC conductivity in Nd 2 NiMnO 6 apparently due to the hopping of electrons between Mn 3+ and Mn
4+
. The grains are extremely conducting as compared to the grain boundaries. Only at low-frequency, the passage of charge carriers to the grain boundary produces a huge amount of energy loss. As it is well known, dielectric loss means the extent of energy used by the applied field for the alignment of dipoles. Dielectric loss in perovskite ox- ides is caused by DC conductivity and oxygen vacancies. At high temperatures, the value of high-frequency tan δ is large which is due to the scattering of thermally induced charge carriers and the existence of several unknown defects (counting oxygen vacancies) in the material. At high temperatures, the domination of conductivity is responsible for the rise in tan δ. Therefore, in this region, tan δ is high in comparison to that of the low-frequency region.
Effect of temperature
Variations of relative dielectric constant (ε r ) and tangent loss (tan δ) with temperature at certain frequencies of the sintered Nd 2 NiMnO 6 sample are depicted in Fig.  4 . It can be noticed that ε r rises up to the maximum and then decreases. Dielectric anomaly or peak is observed at different temperature on changing frequency. The shifting of dielectric peak towards higher temperatures with an increment of frequency is referred to as the dielectric relaxation. Such type of peak shifting and coinciding the value of relative dielectric constant provides an interesting class of ferroelectric family, referred to as relaxor ferroelectrics. The larger value of ε r is viewed in the low-frequency (50 kHz) region because of the gathering of charge near the grain boundaries. At low-temperatures, the value of tan δ is low, but when temperature increases, the value of tan δ increases to very high values. The scattering of charge carriers and defect/vacancies created during the high temperature process may be responsible for the sharp increment in tan δ at high temperatures. Not only this, but electrical conductivity is also responsible for such type of variation.
Inset in Fig. 4b shows precisely the broad peak in dielectric loss curves. The peak in tan δ is shifted to high temperatures with the increment of frequency. Because of an increase of electrical conductivity, tan δ rises more rapidly at high temperatures [18] .
Dielectric relaxor behaviour
The origin of the observed relaxor behaviour has been accompanied with disorder of cations at the X or Y sites of the perovskite structure that prevents the development of the long-range polar ordering. Thus, some notable character of the dielectric relaxor materials can be described in such a way that: i) they are identified by large peaks in the temperature dependent dielectric permittivity curve, ii) the corresponding temperature of the maximum value of real and imaginary part of the dielectric constant having different values, presenting a frequency dependent behaviour, and iii) the Curie-Weiss law is not satisfied by temperatures about T m [23] . It is known that "normal" ferroelectrics should obey the Curie-Weiss law expressed by:
All the symbols have their usual meaning. The deviation from Curie-Weiss law is found ( Fig. 4a , there are broad peaks (with diffused phase transition) that are the important features of ferroelectric relaxor. Relaxor ferroelectric is characterized by a broad maximum along with relaxation dispersion in the curve of temperature versus dielectric permittivity. The ferroelectric diffused phase transition is explained by a frequency-independent temperature of maximum permittivity (T m ), while a relaxor ferroelectric is found to have a frequency-dependent T m satisfying Vogel-Fulcher relation [22, 24] . In this case, at low-temperatures, the strong frequency dispersion in permittivity is found, whereas the high temperature permittivity is almost frequency independent. This kind of relaxor nature can be described by the modified Curie-Weiss law for better understanding of the diffused phase transition. Still the true origin of diffused phase transition (DFPT) is unclear. However, it is thought to be mainly related to defects in the materials, due to the compositional fluctuation, grain configuration, cation disorder, point defects and microscopic heterogeneities. The relaxor ferroelectrics should obey the modified Curie-Weiss law represented by:
or ln 1
where all the symbols have their usual meaning, γ is known as the diffusion coefficient and it lies between 1 (a normal ferroelectric) and 2 (an ideal relaxor ferroelectric) [25, 26] . To observe the effect of the diffuse phase transition nature, the graph of ln(1/ε − 1/ε m ) vs. ln(T −T m ) for 50 kHz and 300 kHz are shown in Fig. 5b . The γ value can be calculated from the slope of the fitting curves which is obtained from linear relation. The rate of the diffuseness of the phase transformation can be determined by exponent γ. We obtained the value of γ to be 2.03 and 2.04 at 50 kHz and 100 kHz, respectively, which is very close to 2 (as per reference [26] ). This result suggests that Nd 2 NiMnO 6 is a relaxor ferroelectric and its diffuseness increases with increment of frequency. In relaxor materials, relaxation behaviour can also be studied by the experimental Vogel-Fulcher (VF) model [27] . Such type of behaviour occurs due to the thermally activated polarization between two identical variants. The Vogel-Fulcher law is expressed by: 
where all the symbols have their usual meaning. The freezing temperature (T f ) is a temperature at which the dynamic nature (generally produced by heat energy) is absent. Figure 6 is depicted as the graph of ln( f ) with inverse of temperature (T m ). From the analysis of Vogel-Fulcher fitting, we found that activation energy and other parameters (E a = 0.05 eV, f 0 = 5 × 10 is the nearest to this estimated activation energy [28] . This activation energy is sufficient for switching over the orientation of polar regions. The arbitrarily dispersed electrical field of strain field in a mixed oxide system is the major logic for the appearance of relaxor behaviour [29] . Dielectric relaxation in the material may be caused by the hopping of polarons between Y and Y ′ site cations, grain and grain boundary. This outcome is also related to the influence of conductivity due to the oxygen vacancies.
Impedance analysis
Complex impedance spectroscopy (CIS) method is associated with four elementary formalisms: impedance, admittance, permittivity and modulus formalism providing more data concerning the electrical behaviour of materials. To differentiate grain, grain boundary and electrode response of the material, the impedance measurement has been done. The passage of charges can appear in different form, especially displacement of charge (long-range or short-range), production of space charge and re-orientation of dipole etc. The measured complex impedance (Z * ) has both real (Z ′ ) and imaginary (Z ′′ ) components described by Eq. (6) and (7) [30] [31] [32] :
where R is resistance of the sample, ω is angular frequency and τ = R · C (C is the capacitance) is the relaxation time. The relaxation time is calculated by using an expression τ = R g · C g (R g is the effective resistance and C g is the effective capacitance in parallel). The values of these parameters are given in Table 2 . The Z ′ versus frequency graph is depicted in Fig. 7a . It is realized that Z ′ is almost stable up to 2 kHz and its value smoothly reduces when both frequency and temperature increase. The reduction of Z ′ is strongly dependent on frequency and temperature [33] . At lower frequencies, the reducing tendency of Z rises and at a particular frequency occurrence of a peak can be observed, known as relaxation frequency [34] . When temperature increases, there is a shift of the relaxation frequency in the high-frequency region with decrease in the peak height. It describes the existence of relaxation in the studied sample. The peak position yields the relaxation time from the relation ω max · τ = 1, where ω max is the angular frequency of the Z ′′ max . The appearance of the temperature dependence of the relaxation phenomena is confirmed from the reduction of relaxation time with the rise in temper- ature. Owing to the existence of immobile charges at low temperatures and imperfections/oxygen vacancies at higher temperatures, relaxation process occurs [35] .
Nyquist plots
The Nyquist plots representing the change of Z ′ with Z
′′
in the frequency range of 1,kHz-1 MHz and at different temperatures (25-150°C) is depicted in Fig. 8 . The electrode effect, grain and grain boundary are explained by low-frequency, high-frequency and intermediate-frequency independent semicircles respectively, occurring sequentially. The feature of the arc determines the category of relaxation phenomena in the system. An ideal semicircular curve having centre on the Z ′ axis implies the existence of a single relaxation time and grain identity [36] . The perfect Debye type relaxation corresponds with the coinciding centre of the semicircles with the real impedance axis. An identical circuit of a series combination of parallel resistances (R) and capacitances (C) is operated for individual arc. A disappearance of an ideal Debye type of relaxation can be interpreted by the CPE (constant phase element) which can be connected to the parallel RC system in the proposed circuit [37] . An observed relaxation phenomenon is the non-Debye type due to the imperfections and inhomogeneity of the Nd 2 NiMnO 6 sample. For the Debye type relaxation, the test and theoretical data can be determined by using the software ZSIMP WIN version 2.0 [38, 39] . In temperature range 25-125°C, the identical circuit obtained as the combination of two RQC (Q is a constant phase element) circuit and exhibited by two circles representing the contribution from grain and grain boundary effect. For temperature of 150°C, the equivalent circuit obtained as a series combination of two RQC and one RC circuit describing the contribution from grain and grain boundary effects along with the electrode effect. The non-Debye type relaxation is proved by the deviation of the impedance plane from the real axis by some angle which is shown in Fig. 8d. 
Electrical conductivity
Study of AC conductivity was carried out to find the frequency-dependence of the electrical properties of the material. It also yields knowledge about the behaviour of the charge carriers. AC conductivity (σ AC ) was determined by an empirical correlation σ AC = ω·ε r ·ε 0 ·tan δ, where ε 0 is the permittivity in vacuum and ω is the angular frequency. For more information about the conduction process in the material we have to proceed with the Jonscher's power law:
where σ DC and σ AC are the DC and AC conductivities, respectively. The exponent (n) lies between 0 and 1 which serves as the measure of interaction between mobile ions and lattices, whereas A represents the extent of polarizability [40] . The frequency dependence of AC conductivity (σ AC ) has been shown in Fig. 9a . AC conductivity is nearly constant in the low-frequency area, whereas at higher frequencies, diffusion of conductivity is seen. With increment of frequency there is transformation of electrical conductivity from DC (frequency independent) conductivity to AC (frequency dependent) conductivity. The slope change is observed at certain frequency interrelated to polaron hopping of charged basis. With an increment of temperature this hopping frequency shifts towards higher frequency region. The value of n < 1 implies the movement associated with translational motion and rapid flow, whereas n > 1 implies that the movement is localized, i.e. beyond the species leaving the vicinity. From fitting data, it is realized that the movement of charge carriers in the samples is translational, due to the low value of n (< 1). The values of A and n are given in Table 3 . The rise of conductivity with an increment of temperature indicates Figure 9 . Plot of AC conductivity with frequency at selected temperature (a) and inverse absolute temperature (b) the NTCR nature of the sample [41, 42] . The temperature dependence of AC conductivity of the material is depicted in Fig. 9b . The activation energy (E a ) can be determined using the relation:
where all the symbols have their usual meaning. Since the conductivity rises with an increment of temperature, semiconducting behaviour of the material is confirmed. This nature of σ AC promotes the existence of thermally stimulated transport properties in the compound. In the high-temperature region, with the increment of frequency the activation energy reduces. At higher temperatures, the irregularity of polycrystalline samples may be the origin of additional acceptor centres [43] . Thus, the activation energy reduces with the increment of temperature. and thus make it semiconductor.
Complex electric modulus studies
To further study the bulk, grain boundary, electrode polarization, electrical conductivity and relaxation process in the material electric modulus has been analysed. This technique yields a vision into the electrical mechanism appearing in the material as a function of temperature and frequency and also helps us to understand the transport mechanism and the relaxation process in the material [44, 45] . The other benefit of such technique is to overcome the electrode effect. The graphs of the electric modulus (M ′ and M ′′ ) with frequency are displayed in Figs. 10a and 10b , respectively. The complex electric modulus is given by:
The value of M ′ has been calculated by the formula:
For all temperatures, M ′ rises with the increment of frequency. The M ′ value approximately reaches zero in the low-frequency region indicating the non-existent electrode effect and continuously increases with an increment of frequency. The existence of the induced electric field is not adequate for the restoring force needed for the flow of the charge carriers. Therefore, in the lowfrequency region, the value of M ′ becomes zero, and increases in the high-frequency region. By the continuous dispersion of M ′ with increment of frequency, the conduction process occurs due to the short range mobility of charge carriers [46] . The increase in M ′ with the increment of temperature indicates on the temperature dependent relaxation phenomena in the sintered Nd 2 NiMnO 6 material. In high-frequency region, the observed tendency of M ′ to make plateau indicates on the frequency invariant (DC conductivity) electrical properties of the materials.
The value of M ′′ has been calculated by the formula:
In the Fig. 10b , we observed that with the increment of frequency, value of M ′′ rises. Obviously, we may expect that above 1 MHz frequency the peak will move to the right (high-frequency region) with an increment of temperature, which is the characteristic of relaxation mechanism.
The temperature dependent complex modulus spectrum (M 10c. The arcs obtained at high temperatures are not accurate semicircle(s). The two deformed semi-circles (or their tendency) are obtained representing the existence of both the grain and grain boundary contributions in the sample. These arcs having their centres lying below the real axis indicating non-Debye type of relaxation in the sample [31] .
IV. Conclusions
The polycrystalline sample Nd 2 NiMnO 6 was synthesized by a high temperature solid state reaction. The monoclinic structure of the sample was found from Xray analysis. The crystallite size and density of the sample were found to be 41 nm and 4.78 g/cm 3 respectively. The microstructural analysis represents the uniform distribution of grains of different shape and size at the surface of the sample. The electrical parameters are also calculated from dielectric and impedance measurements. In temperature dependence of dielectric property, the dielectric constant increases and at a certain temperature an anomaly was observed. Then the rate of dielectric constant was found to be diminished. The sintered Nd 2 NiMnO 6 sample has high dielectric constant due to the combination of conductive grain and insulating grain boundary. The dielectric relaxor behaviour showed by the material agrees with the modified CurieWeiss law and the Vogel-Fulcher law. From the Nyquist plots for temperatures 25-125°C, it was found that there is simultaneous occurrence of grain and grain boundary effects represented by the combination of two RQC networks. However, for temperature 150°C, the equivalent circuit obtained as a series combination of two RQC and one RC circuit describes the contribution from the grain and grain boundary along with electrode effect. The non-Debye type of dielectric relaxation was proved from the study of impedance spectroscopy. The semiconductor behaviour of the sample was obtained in the study of the conductivity versus temperature. The activation energy has been calculated using the Arrhenius equation. The sample Nd 2 NiMnO 6 can be used in different modern electronic device applications.
